This paper reports some experimental aspects of the combustion of batches of vegetable chars in
INTRODUCTION
Vegetable char production from wood was one of the first energy-conversion techniques developed by mankind. Its industrial use goes back to prehistoric dates of the Metal Age, where it was used as fuel in the iron industry. Since then it has been used for several centuries, but its most intensive use happened in the 18th and 19th centuries. It was impossible, however, to support the huge energy consumption that the Industrial Revolution demanded, and vegetable chars were slowly replaced by mineral coal and its coke, and afterward by crude oil and natural gas in the second half of 20th century. But taking into account the new challenges raised by global climate changes and the subsequent evolution that seems to impose the future abandon of fossil fuel sources of energy, biomass can be a renewable source of energy that must be taken into account, although it is expected that its importance in a future energy mix will be minor. The sustainable use of biomass as an energy source may impose the use of some technological approaches. One such approach is carbonization, a kind of densification technique used for biomass-derived fuels (Strezov et al., 2006) . The vegetable char has a heating value similar to that of high-ranking mineral coal, but its production is a demanding technological process (Antal and Várhegyi, 1995) . The quality of the char depends upon several parameters such as heating rate, controlled atmosphere, final pyrolysis temperature, and pyrolysis time (Strezov et al., 2007) . Through the combination of these factors a unique type of vegetable char is obtained, so in the absence of a standardized production method regulating these factors, a great variability in the wood chars properties is expected, particularly with regard to the content of residual tars.
In this work commercially available nut pine and cork oak chars, usually found in Portugal and for which no reliable kinetic data are available, were used in order to show some characteristic aspects connected to the fluidized-bed combustion of biomass. Then the commercial chars were recarbonized under controlled laboratory conditions, and the influence of this second treatment upon properties and combustion performance of the new chars was again evaluated.
The vegetable chars when going through a combustion process release residual tars that ultimately will affect the carbon recovery ratio of the combustion process Fjellerup et al., 2005; Chen et al., 2009) . Carbon recovery ratio is defined as the quotient between the mass of carbon leaving the bed in the exhaust combustion gases, detected through the time integration of the CO 2 and CO concentration curves, and the mass of carbon initially introduced into the bed through the batch of char particles. So for commercial nut pine char the carbon recovery ratio was previously determined considering the combustion process itself. The extra carbon consumption ratio was also determined due to the release of tars, high-molecular-weight hydrocarbons that left the bed without being burned because of a parallel pyrolysis that takes place simultaneously with combustion of the commercial char. The true carbon consumption ratio is the addition of these two terms.
EXPERIMENTAL
Experimental study of the combustion of batches of vegetable chars was done in the setup shown in Fig. 1 . The char feeding was done through a stainless steel pipe whose entrance in the bed was 250 mm above the distributor. In this way, because the bed height was 100 mm, the char feeding point was 150 mm above bed-free surface. The distributor was a stainless steel plate 3 mm thick with 177 holes with 0.6 mm diameter, placed in square pitch 4 mm apart. The stainless steel bed riser pipe had 54.5 mm of internal diameter and 2.5 m height. In the bubbling bed region there was an electrical resistance around it with 0.250 m height and it was thermally isolated with a ceramic blanket; the riser was also thermally isolated. Type-K thermocouples were used for bed temperature measurement and control through a proportional integral derivative (PID) controller. The
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static pressure at the bottom of the bed was measured using a capillary tube connected to a pressure transducer. The bed was composed with silica sand particles in a size range of 200-250 μm and a density of 3000 kg/m 3 . The particle sizes tested were of 3.6, 2.8, 2.2, and 1.8 mm, which correspond to the average diameters obtained by the Deutsches Institute fu .. r Normung (DIN) standard sieves.
Measurements of emissions in exhaust gases were done by infrared gas analyzers for CO 2 and CO, and by a hydrocarbon analyzer with flame ionization detection for the volatile organic compounds. Typical relative uncertainty values for the measurements of gaseous concentrations at the bed exit went from 2 to 4%, depending on the operating range.
Experimental Procedure
Batches of 5 g of char particles were burned in a bubbling bed of sand fluidized with air, and the evolution of the volumic concentration of CO 2 in the exhaust In another set of experiments, the combustion process was interrupted to carry out measurements of bed carbon content at the instant of combustion stoppage. In this way a simple comparison between carbon consumption due to combustion and the overall carbon consumption of the batch could be obtained. The difference between these two values was the carbon being carried away in tars released through a pyrolysis phenomenon taking place at the same time as the combustion process. This situation happens in reactors where inside conditions are adequate for the occurrence of incomplete combustion (Ross et al., 2002; Nussbaumer, 2003; Conde et al., 2005; Demirbas, 2008) , as occurs in the present work, where relatively lowtemperature combustion experiments were carried out.
In this new set of experiments, particles with an initial average diameter of 3.6 mm were studied for bed temperatures of 600, 700, and 750 o C, and for a superficial velocity of 9U mf . The combustion was stopped at 30, 60, 120, 180, and 240 s after introduction of the particles inside the bed. At the instant of stoppage, the fluidizing air was replaced by nitrogen and the bed cooled down; the bed was removed afterward and char particles were separated from the inert bed particles through a sieving process. The char particles were then weighed and it was possible to know, at these stoppage instants, the mass of carbon remaining in the bed.
DISCUSSION OF RESULTS

Evolution of Volumic CO2 Concentration in the Combustion Gases
Typical curves of the evolution of the volumic concentration of CO 2 in a dry basis are shown in Fig. 2 for a commercial nut pine char, two bed temperatures, initial particle diameters of 1.8 and 3.6 mm, and for 9U mf . Through the analysis of this figure it is found that, as expected, the burnout time increases with the increase of the initial particle diameter. Also, the CO 2 concentration peaks are more intense for smaller particles, and these peaks rise for higher bed temperatures. There is, however, a contradictory fact. For a given initial particle diameter, it is found that the burnout times are approximately the same for different bed temperatures. The expected behavior would be that for the same initial particle diameter but at different bed temperatures, different combustion times would be detected. In fact, although an increase on the combustion rate with temperature is detected, through the analysis of the derivative of the evolution of the CO 2 , which increases as bed temperature rises, combustion times remain the same. This is connected to the fact that carbon of the char particles is also being consumed through pyrolysis, which develops in parallel with the combustion process, and the lifetime of a batch of char particles is a function of these two phenomena. The importance of these pyrolysis phenomena is quantified later in this paper. Figure 3 shows the influence of the fluidization velocity on the CO 2 concentration curves for commercial nut pine char, 9U mf and 12U mf , and initial particle sizes of 1.8 and 3.6 mm. The air fluidizing velocity has no significant impact upon the CO 2 concentration curves, but it is detected that higher superficial velocities lead to lower CO 2 concentrations because of dilution effects. For the sake of simplicity, results for only two of the tested sizes, 1.8 and 3.6 mm, are shown, but for all tested sizes the trends are equal. The shape of the CO 2 concentration curves also shows that there is primary fragmentation and absence of secondary fragmentation, phenomena which are discussed elsewhere (Rangel and Pinho, 2010) .
Evolution of the Volumic Concentration of CO in the Exhaust Gases
In Fig. 4 a typical curve for the dry basis volumic concentration of CO in the exhaust gases is presented. There is a short peak of 3.5% (v/v) CO at the beginning of the combustion process, just immediately after the batch of char particles is introduced into the bed. For the remaining of the combustion process, CO concentrations are residual or even nil. The amount of CO in the combustion gases is irrelevant as far as the calculation of the mass of carbon consumed during combustion is concerned. The amount of carbon obtained through the integration of the CO curve, as for the CO 2 curve, leads to carbon recovery ratios below 2%.
Evolution of the Concentration of Organic Volatile Compounds
The emission of volatile organic compounds (VOCs) in the exhaust gases is shown in Fig. 5 , and a single peak of 1800 ppm (v/v) is observed only at the beginning of the combustion process. The released products of the pyrolysis that is occurring simultaneously with the combustion process leave the bed as high-molecular-mass 
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FIG. 3:
Influence of the fluidization velocity on the CO 2 curves. Fluidization velocities of 9 and 12U mf and initial particle sizes of 1.8 and 3.6 mm vapors which cannot be detected with the available VOC analyzer; more sophisticated equipment is needed (Branca et al., 2003; Demirbas, 2007; Chen et al., 2009) . 
Carbon Recovery Ratio and Properties of the Fuel Particles
In theory, if carbon is fully consumed in the combustion reaction, the carbon recovery ratio should be one, because it should be burned to CO 2 according to the sequence of reactions C + 1 ⁄2O 2 → CO and CO + 1 ⁄2O 2 → CO 2 (Hayhurst and Parmar, 1998; Basu, 1999) . However, it was found that the carbon recovery ratios, determined as referred above, were always below the 100% theoretical value. Table 1 presents average values for carbon recovery ratios for all the experiments done.
The carbon recovery ratio increases with the rise of bed operating temperature; this means that in such a situation the combustion reaction predominates relative to the pyrolysis phenomena and the subsequent exhaust of unburned tars typical of low-temperature reactors (Ross et al. 2002; Nussbaumer, 2003; Conde et al., 2005; Demirbas, 2008) . At higher bed temperatures the tars released by the pyrolysis process also burn inside the bed, leading to an increase of the CO 2 concentration at the exit. This leads to higher carbon recovery ratios through the integration of the CO 2 curve. At lower bed temperatures, heavy hydrocarbons, commonly designated by tars, leave the bed unburned and are not detected with the VOC analyzer used in the experiments, and accordingly the carbon recovery ratios are smaller. Another conclusion from Table 1 is that for recarbonized chars the carbon recovery ratios are always higher than those of the corresponding commercial chars. This means that a second pyrolysis, carried out in a situation similar to the combustion situation, reduces the pyrolysis phenomena that take place simultaneously with the combustion process.
This result is a demonstration that while combustion takes place for commercial chars produced at relatively low temperatures and heating rates, pyrolysis happens at the same time. For recarbonized chars the parallel pyrolysis process is less important. The influence of this parallel pyrolysis is important only for low bed combustion temperatures (Table 1) . At normal bed temperatures used in fluidized-bed furnaces (850-950 o C), this phenomenon has minor impact. However, lower bed temperature experiments are recommended to determine kinetic data (Fennel et al., 2007) , and under these conditions the phenomenon should be considered.
There is a strong disparity among carbon recovery ratios for commercial and recarbonized chars (Fig. 6) . The plotted values were obtained for superficial velocities of 9 and 12U mf . For all temperatures there is an increase in the carbon recovery ratio for both chars, but the strongest increase was found for nut pine chars tested at 600 o C, when the increase of this ratio was 97%. Elutriation is out of the question as an explanation for the low carbon recovery rate, as the fragmentation phenomenon occurring with this type of char does not lead to elutriable particle sizes (Rangel and Pinho, 2010) . Table 1 also shows densities and proximate analysis for the studied particles. Comparing the recarbonized nut pine char with the corresponding commercial char, 
FIG. 6:
Percentage of increase of the carbon recovery rate a 4% reduction of the char density is detected and a 12% increase of the fixed carbon mass fraction. The increase of this parameter is the result of a decrease of the volatile matter. Comparing the properties of both cork oak chars, there is now a slight increase of the recarbonized char density, but the increase of the mass fraction of fixed carbon suffered a remarkable augmentation, once again at the expense of a decrease of volatile matter fraction.
Burned Fraction and Consumed Fraction
The mass burned fraction for a given time instant corresponds to the carbon recovery ratio at that time through integration of the CO 2 curve. The mass consumed fraction is obtained through interrupted combustion experiments. This consumed mass fraction represents all the carbon that was consumed either through combustion or through the pyrolysis by the tars dragged away from the bubbling bed. This distinction, as it was previously explained, is necessary because for several experiments, mainly at low bed temperature and for commercial chars, the carbon recovery ratio through combustion is rather low (Table 1) .
Through the interrupted combustion experiments it was possible to quantify the importance of this phenomenon. The conclusion is that when burning commercial chars at low-temperature conditions, because of the original pyrolyzing process being used, a secondary pyrolysis process takes place at the same time as the combustion process and this leads to high unburned carbon losses. Recarbonizing the chars at higher heating ratios and temperatures, like those found in a bubbling fluidized bed, diminishes the importance of this secondary pyrolysis. It must be stressed, however, that the lower temperature combustion experiments were carried out in order to get kinetic data and that in normal burning conditions the bubbling bed and the bed-free surface regions are hotter and the tars burn as well, and the carbon recovery ratio, obtained through integration of the CO 2 curve, reaches acceptable values, in the 90% range. Figure 7 shows, for bed temperatures of 600, 700, and 750 o C, burned and consumed carbon fractions for several combustion stoppage instants along the reaction. The consumed carbon fractions for a reaction time of 240 s are always around 90%. Although the burned mass fraction is only of the order of 60% at a bed temperature of 750 o C, it is lower than 40% for 700 o C and around 30% for 600 o C. So the carbon losses through heavy hydrocarbons from pyrolytic phenomena may be dominant for low-temperature combustion experiments. This indicates the importance of volatile combustion of this type of commercial vegetable char and provides a warning regarding the caution necessary when collecting kinetic data at relatively low-temperature experiments.
Figure 7 also shows that the discrepancy between the burned mass fraction and the consumed mass fraction increases with combustion time, which means that the pyrolysis process is continuous and occurs along with combustion. This differential diminishes with the increase of bed temperature due to the increase of the combustion rate. 
CONCLUSIONS
Production of commercial vegetable chars still follows traditional methods and consequently the quality and homogeneity of the resulting char is very limited. Such vegetable chars when suffering rapid heating in fluidized-bed combustion experiments simultaneously undergo a pyrolysis process, releasing tars in the form of vapors that escape from the reaction zone without burning and are undetected by the simpler analyzers for VOCs.
As the calculation of the carbon recovery ratio in combustion experiments is done through integration of the concentration curves of CO 2 in the exhaust gases, while doing low-temperature combustion experiments (600-750 o C) for the determination of kinetic data, care must be taken to account for the influence of the carbon extracted in the pyrolysis products flowing in the exhaust gases. Otherwise evaluation of the evolution of the char particle size during combustion will be disregarded and the resulting kinetic and diffusive data will suffer from such failure. Although the evaluation of CO emissions and low-molecular-weight VOCs was not very thorough, the conclusion is that their values were negligible.
Using a recarbonization of the chars in a bed fluidized with nitrogen at 850 o C has a dwindling effect upon the parallel pyrolysis but does not remove it. This may be due to the short resident time at 850 o C used in the recarbonization process, which was 5 min.
As far as commercial fluidized-bed operation is concerned, adequate kinetic and diffusive data are necessary for the correct design of the burners. Since the kinetic data should be obtained at low bed temperature, a careful approach must be adopted when analyzing the significance of such low-temperature combustion.
